, > 20 × 10 6 at kg (−1) , and 2.8 × 10
Introduction
Oceanographic processes in the Arctic Ocean and the Nordic Seas affect the world ocean circulation especially via their influence on deep-water formation within the Atlantic meridional overturning circulation (AMOC; e.g., Carmack & Aagaard, 1973; Killworth, 1983; Rudels, 1995; Tanhua et al., 2005) . The main gateway and only opening allowing for deep-water exchange down to 2,600 m between the Nordic Seas and the Arctic Ocean is the Fram Strait, located between Greenland and Svalbard. The transport of warm Atlantic waters into the Arctic Ocean and the southward transport of cold Arctic Waters both occur the Fram Strait (e.g., Beszczynska-Möller et al. 2011, and references therein) . This exchange of water masses is of particular interest in the context of global warming and accompanying changes in the Arctic environment, as it has been recently suggested that the Atlantic waters are the main drivers for temperature increase and sea ice loss in the Arctic Ocean (Polyakov et al., 2005 (Polyakov et al., , 2017 .
To study circulation patterns of Atlantic origin waters in the Nordic Seas and the Arctic Ocean, artificial (anthropogenic) radionuclides released from nuclear weapon tests and reprocessing plants (RPs) can be used as tracers (Hou, 2004; Kershaw & Baxter, 1995; Raisbeck et al., 1995) . Among them, the long-lived radionuclide Strait, the West Spitsbergen Current (WSC) transports warm and saline Atlantic waters northward into the Arctic Ocean (Figure 1b ). These waters are found down to a depth of about 500 m and partly represent waters that recirculated within the Fram Strait already (e.g., Beszczynska-Moller et al., 2012; Hattermann et al., 2016) . The magnitude and exact location of this recirculation are still unclear and most probably also variable with time. North of Svalbard, the WSC turns eastward and the Atlantic origin waters enter the Arctic Ocean (Figure 1a , Rudels, 2009; Rudels et al., 2015) . They move further eastward along the 
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Eurasian continental slope and a large portion of the former WSC waters presumably recirculates within the Nansen basin (Rudels, 2009 ). In the western part of the Fram Strait the cold and fresh surface waters exiting the Arctic Ocean are referred to as Polar Surface Water (PSW; Rudels et al., 2005) , which is part of the southward flowing East Greenland Current (EGC). The core of the EGC is found along the shelf break of Greenland; however, it also partly spreads across the shelf, recirculates, and interacts with the local, northward flowing North East Greenland Coastal Current (NEGCC; Budéus et al., 1997; Figure 1b) . In addition, the EGC waters on the shelf are influenced by melt waters from Greenland (Dodd et al., 2012 (Dodd et al., , 2009 Stedmon et al., 2015) . In the middle of the Fram Strait (around 0-5°W), the PSW spreads above the WSC due to its lower density and both water masses partly mix. Below the PSW and the WSC, the prevailing water masses in the Fram Strait are recirculated Arctic waters and intermediate and deep waters that are significantly colder than the WSC (Rudels et al., 2000; Schlichtholz & Houssais, 2002) .
Seawater Sampling
Seawater samples presented in this study were collected during the R/V Polarstern expedition PS100 GRIFF from 18 July to 6 September 2016 (Kanzow, 2017) (Figure 1b ). Samples were taken with twenty-four 12-L Niskin bottles mounted on a conductivity-temperature-depth rosette equipped with Sea-Bird sensors recording conductivity, temperature, and depth. For the analysis of 129 I, 200-500 ml of seawater is required that was directly filled into plastic bottles without any pretreatment. The 129 I chemical purification and preparation for the AMS measurement were carried out in the wet-labs on-board R/V Polarstern. About 3-5 L of unfiltered seawater was taken for 236 U analysis, and the preconcentration of Uranium was also carried out on-board. All samples were sent to ETH Zürich for further chemical treatment and final measurements using accelerator mass spectrometry (AMS).
129 I Purification and AMS Measurement
The purification of 129 I carried out during the cruise followed the method described in Casacuberta et al. (2016) , which is based on Michel et al. (2012) . Briefly, the sample was adjusted to pH 6-7 and spiked with about 1.5 mg of Woodward Iodine 127 I. Iodine was purified using ion exchange columns filled with DOWEX 1×8 resin and directly precipitated as silver iodine (AgI). Dried precipitates were pressed into Ti targets before their measurement. All samples were measured at the Laboratory of Ion Beam Physics at ETH Zürich, using the compact 0.5 MV AMS system Tandy. The measurement routine is described in detail in Vockenhuber et al. (2015) . Measured 129 I/ 127 I atom ratios were normalized using the in-house standard D22 with a nominal value of 129 I/ 127 I = (50.35 ± 1.61) × 10 −12 
236 U Purification and AMS Measurement
The preparation of samples for 236 U measurements followed the method of Casacuberta et al. (2016) and Castrillejo et al. (2017) . Samples were collected in calibrated 3-to 5-L plastic bottles, acidified to pH 2 with concentrated HNO 3 , and spiked with about 3pg 233 U (IRMM_051 spike). Uranium was preconcentrated by iron coprecipitation, adding about 200 mg of purified iron to the sample. In the laboratory facilities at Laboratory of Ion Beam Physics (ETH Zürich), the precipitates were dissolved and passed through prepacked ion exchange columns filled with Triskem UTEVA resin. U was precipitated again, dried down, and pressed into Ti targets before their measurement. The measurement routine for 236 U measurements is given in Christl, Casacuberta, Lachner, et al. (2015) Figure S2 ; Owens et al., 2011; Pates & Muir, 2007 (Figure 2a The WSC, composed of Atlantic waters, was characterized by the highest potential temperature (T pot > 2) and salinity (34.5-35.5). Low densities were found in WSC surface samples and were presumably due to freshwater input from Svalbard. In contrast, the PSW had low potential temperatures of −2 -0°C and low salinities, ranging between 29.5 and 34.5. Very low salinities indicated a high proportion of meltwater. Surface samples in the middle of the Fram Strait (stations 44, 101, and 103) with salinities < 34.5 and T pot > 0 were considered a mixture of 
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Journal of Geophysical Research: Oceans WSC and PSW waters. Below the surface currents, Arctic Atlantic Water (AAW) was the prevailing water mass, covering depths of approximately 300-800 m (Schlichtholz & Houssais, 2002) . This water mass corresponds to waters of Atlantic origin that have circulated through the Arctic Ocean, descended from the surface, and have been altered due to various processes, including cooling by atmospheric influence as well as sea ice melt. The AAW was characterized by temperatures between 0 and 2°C and covered a density range of 27.7-27.97 (Rudels, 2009 concentrations are restricted to surface waters (0-100 m depth) on the Greenland shelf and at the shelf break, in the western part of the Fram Strait.
In the case of 236 U, highest concentrations were found in the PSW and the AAW, both higher compared to the WSC (Figure 3c ). Again, lowest concentrations were found in deepest waters. As for the 129 I, highest 236 U concentrations are present in the PSW (Figure 3d ). Regarding the distribution with depth, however, 236 U was still present in significant amounts at greater depths compared to 129 I. High concentrations were found throughout the whole water column on the Greenland shelf and in the AAW at the shelf-break at around 500 to 1,000 m depth, reaching eastward to about 0°E. Figure S1a ). 129 I concentrations have been measured in numerous samples from the Arctic Ocean, collected from the early 1990s until today, and it was found that the increased release of 129 I was well reflected in the seawater samples, especially in shallow depths (Alfimov, Aldahan, Possnert, & Winsor, 2004; Smith et al., 2011) . Previous studies suggested a transit time of about 2 years from the North Sea to the WSC and about 12-15 years through the Arctic and back to the Fram Strait as PSW (Christl, Casacuberta, Vockenhuber, et al., 2015; Smith et al., 2011) . Thus, higher 129 
Constraining Sources of 129 I and 236 U in the Fram Strait
Up to date, nearly all studies using RP-derived artificial radionuclides as tracers of circulation in the Arctic and North Atlantic Ocean considered SF and LH as a combined single point-like source. In other words, the releases from SF and LH that enter the North Sea would first completely mix before continuing northward with the NCC forming a single RP input function for the Arctic Ocean (e.g., Christl, Casacuberta, Vockenhuber, et al., 2015; Smith et al., 2005 Smith et al., , 2011 ).
Yet a recent study (Casacuberta et al., 2018) 
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Arctic Ocean (two branches entering via Barents Sea, green and purple in Figure 1a and one via Fram Strait, orange in Figure 1a ). The high 129 I/ 236 U ratio released from LH largely remains within the NCC, which enters the Barents Sea very close to the Norwegian coast. This coastal current mainly stays at the surface and close to the shelf before it enters the Eurasian Basin via the Laptev Sea (green arrow in Figure 1a) . In Casacuberta et al. (2018) this branch was labeled Arctic Shelf Break Branch (Aksenov et al., 2011) . However, since our definition of this branch does not fully concur with the definition of Arctic Shelf Break Branch by Aksenov et al. (2011) we hereafter refer to this branch as NCC Branch Water, NCC BW . The NCC BW is, among others, a source of low-salinity shelf waters in the Kara and Laptev Sea (Rudels et al., 2004) . This branch therefore presents a pathway of 129 I and 236 U to the Arctic Ocean that can in particular be associated to surface water concentrations in the Nansen, Amundsen, and potentially also the Makarov Basin. These waters ultimately evolve into the surface waters of the EGC present in the Fram Strait. The other two Atlantic branches entering the Arctic Ocean (FSBW and BSBW) are known to circulate through the Arctic Ocean at depths of 300-800 m (Aksenov et al., 2011; Rudels et al., 2015) . Therefore, the tracer input functions for FSBW and BSBW are assumed to be representative for the AAW in the Fram Strait. Casacuberta et al. (2016) . For a steady-state approach we averaged over the time-dependent RP releases from 2000 to 2012 (Christl, Casacuberta, Vockenhuber, et al., 2015) . In the dual-tracer plot, these three sources are plotted as end-members, together with binary mixing lines (Figure 4a) direct dilution between RP and LB is not considered as the RP signal is introduced into the surface and all intermediate-depth waters (in the northern hemisphere) are tagged with GF. A pure LB signal can only be found in deep and old waters that cannot have been in direct contact with RP-tagged waters before having seen the GF signal. Therefore, waters tagged with RP will first dilute with waters having GF input and subsequently mix with the LB end-member.
Samples presented in this work are plotted by water masses according to the definition in section 3.2 (see Table S1 ). For comparison, a subset of samples from the Arctic Ocean (Eurasian Basin and Makarov Basin) collected in 2015 is also shown (Casacuberta et al., 2018 ; Figure 4a ). Most of the Fram Strait samples plot within the domain defined by the three steady-state end-members. Surface samples (PSW and WSC) as well as the AAW plot close to the RP end-member and partly scatter around the GF-RP mixing line. As (Christl, Casacuberta, Vockenhuber, et al., 2015) ; the GF value is kept constant as in (a). Note that both plots are in log-log scale; hence, mixing lines are curved.
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In this dual-tracer plot, we find two features that are not consistent with the simple steady-state mixing model (approach (i)): first, some AAW samples plot above the GF-RP mixing line due to very high 236 U concentrations, therefore being out of the domain defined by the three end-members; second, PSW samples show a higher proportion of the RP end-member compared to the inflowing WSC. Since the PSW are outflowing waters from the Arctic Ocean, one would have expected it to plot closer to the GF end-member than the WSC due to greater dilution of the RP signal along the flow.
To investigate this in more detail, we consider that the RP end-member is in fact not in steady state but has been changing significantly over time ( Figure S1 ; approach (ii)). The RP releases are therefore plotted separately for the years 1990-2012 (Christl, Casacuberta, Vockenhuber, et al., 2015) , together with individual GF dilution lines for several years ( Figure 4b (Casacuberta et al., 2018) .
Regarding hypothesis (i) the addition of 129 I (and 236 U) to the PSW implies a source associated to low density waters, for example, riverine input or sea ice melt. Previous studies have been conducted on Russian rivers as potential sources of anthropogenic radionuclides in the Arctic Ocean (Beasley et al., 1998; Casacuberta et al., 2016; Cooper et al., 1999; Moran et al., 1995) . Maximum concentrations of 129 I measured in the Ob river in 1994 were about 280 × 10 7 at·l −1 (Moran et al., 1995) , which is significantly lower than 129 I concentrations in the EGC samples 2016. There is no data available from the Ob river from different years, however, so the impact on 129 I (and 236 U) in the Arctic Ocean remains unclear. The Lena river was excluded as a source of both 129 I and 236 U based on samples collected in the mouth of the river in 2014 (6-11 × 10 7 at·kg −1 129 I and 3-4 × 10 6 at·kg −1 236 U; Casacuberta et al., 2016) . In a recent study, 129 I and 236 U concentrations in sea ice cores collected in the Arctic Ocean in 2015 were presented (Casacuberta et al., 2018) . Maximum concentrations of 105 × 10 7 at·l −1 129 I and 1.9 × 10 6 at·l −1 236 U in the ice cores do not support sea ice melt as a source of 129 I and 236 U to the surface waters.
Using Three Different Atlantic Branches to Explain 129 I and 236 U in the Fram Strait
In approach (iii) we consider three different Atlantic branches (i.e., FSBW, BSBW, and NCC BW ) entering the Arctic Ocean with three different input functions for both 129 I and 236 U (Casacuberta et al., 2018) .
Briefly, for the construction of the new, separate input functions, the existing input functions for GF, SF, and LH branch waters (Christl, Casacuberta, Vockenhuber, et al., 2015) were considered as separate, individual sources. The relative contributions of SF, LH, and GF to the three branches (FSBW, BSBW, and NCC BW ) were assumed to be constant over time and determined using a three-end-member mass balance based on measurements of 129 I and 236 U concentrations in the WSC and across the Barents Sea (Casacuberta et al., 2018) . The NCC BW was defined at the northern Norwegian coast (around 72°N), the BSBW at the entrance to the Barents Sea around 72-74°N, and the FSBW at around 79°N in the WSC west of Svalbard.
The newly defined input functions for FSBW, BSBW, and NCC BW indicate maximum 129 I/ 236 U ratios of about 400 and 220 for the BSBW and the FSBW, respectively ( Figure S3c) . The NCC BW , in contrast, shows higher 129 I/ 236 U ratios of more than 700, which is mainly due to the fact that it carries a significant fraction of the LH RP that has released more 129 I compared to SF. Already in a previous study on seawater samples taken close to the coast of Norway (in the Lofoten Basin and at the entrance of the Barents Sea), extremely high 129 I concentrations were observed (Gascard et al., 2004) . (Casacuberta et al., 2016) and 2015 (Casacuberta et al., 2018) , are superimposed on the binary mixing model.
As mentioned above, we expect the PSW to be an evolution of the NCC BW , as the BSBW and the FSBW circulate the Arctic Ocean in greater depths and evolve into the AAW. The PSW samples are therefore compared to the NCC BW input function ( Figure 5a ). As expected, they fall on dilution lines of the NCC BW end-member with GF. A subset of PSW samples located at the Greenland shelf break (dark blue circles with black outline; Figure 5a ) has higher 129 I/ 236 U ratios. These samples probably represent the core of the PSW in the EGC that is not affected by recirculation on the shelf and are therefore less diluted with older waters having a lower 129 I/ 236 U ratio. For completeness, the PSW samples are also compared to the BSBW and the FSBW input functions (Figures 5b and 5c , respectively). Here the data plots extremely close to the BSBW end-member meaning that no dilution would have occurred in these waters from the Barents Sea to the PSW, which is not a realistic scenario. Regarding the FSBW input function, the PSW samples do always plot beyond the domain defined by the binary mixing lines, again being a nonrealistic scenario. Surface data ( (Figure 5c ). Regarding the FSBW input function, however, they largely fall out of the domain due to high 236 U concentrations. This either suggests that also the FSBW interacts with the coastal current (i.e., NCC BW ) or that the AAW in 2016 mainly evolves from BSBW with no influence of the FSBW observed in our study area. It could also be possible that the assumptions for defining the new input functions with constant proportions of SF, LH, and GF are not constant in time. Samples from the WSC core (black outline, Figure 5c ) have been used to define the FSBW input function in Casacuberta et al. (2018) and consequently match GF dilution lines from recent years, together with the rest of the WSC.
Finally, comparing the PSW samples in the NCC BW (Figure 5a ) and the WSC samples in the FSBW (Figure 5c ), we clearly see a stronger dilution of the PSW, which is expected for the evolution of NCC BW circulating through the Arctic Ocean. Reconsidering the 79°N transect of 129 I and 236 U (Figure 3) , the high 129 I concentrations only within the upper 100 m of the EGC can clearly be attributed to the NCC BW , which (Casacuberta et al., 2018 
Estimation of Transit Times of Atlantic Waters in the Fram Strait
Transit times of Atlantic waters from the entrance of the Arctic Ocean (where input functions were defined) to the Fram Strait can be estimated using the binary mixing lines of the single RP, NCC BW , or BSBW end-member with GF. To this purpose, we take the difference between sampling year and the binary mixing lines that correspond to the respective sample subset associated with the input function in the dual-tracer plots. (Figure 5b ). This is in line with previous studies, suggesting that the BSBW partly also circulates through the Canadian Basin, whereas the surface flow of the NCC BW is probably confined to the Eurasian Basin (Rudels et al., 2004) .
Another way of estimating transit times to the Fram Strait is based on a time series of data. For this, we use the averaged 129 I concentrations measured in the upper 100 m of the EGC in 2002 and 2016 (this study; Figure 6 ) and the NCC BW input function. To match the data, a time lag of about 13 ± 3 years together with a dilution factor of 3.4 ± 0.6 is applied. This fits well to 12-16 years resulting from the dual-tracer plot using the NCC BW input function and is in general agreement with previous studies that suggest Atlantic water transit times of about 7-11 years from 60°N to the surface of the Amundsen Basin (Smith et al., 2011) .
However, in order to better constrain transit times of waters in the EGC, a well-resolved time series of data would be needed. To take into account interannual mixing within one branch, the concept of transit-time distributions has been applied, also using 129 I together with 137 Cs and CFCs (Smith et al., 2011) . With the newly defined input functions of 129 I and 236 U to the Arctic Ocean, this approach can be extended and transferred to the combination of 129 I and 236 U in future studies. Casacuberta et al., 2018) . A dilution factor of 3.4 ± 0.6 and a time lag of 13 ± 3 years was applied to the input function to match the measured 129 I concentrations.
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Conclusions
This study presents results of 129 I and 236 U measurements in seawater samples collected during the R/V Polarstern expedition PS100 in the Fram Strait in 2016. Overall, higher concentrations of both radionuclides were found in the outflowing surface waters from the Arctic Ocean, the PSW as part of the EGC. These were about twice as high as those entering the Arctic Ocean through the WSC. Previous studies assumed a single, combined input function for 129 
